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Introduction
Phenology refers to the study of the timing of seasonal biological activities of periodic plant life cycles (Haggerty & Mazer 2008) . Vegetation typically shows seasonal and annual dynamics during it's life cycle that can be identified as phenological events including vegetation green-up, bud flashing, budburst, leaf out, leaf coloring, leaf fall and leaf senescence (Chesnoiu et al. 2009 ). Changes in climate can result in large changes in the timing and duration of these phenological events (Menzel et al. 2006 , Parmesan 2006 , Soleimani et al. 2014 . For example, the annual air temperature in Mongolia over the period from 1940 to 2007 has increased by 1.6°C, and the change in seasonal temperatures was 1.8, 1.1, and 1.0°C for spring, summer, and autumn respectively (Gomboluudev 2008) . In contrast, the annual precipitation has decreased by 7% as an average over the whole country (Batima & Dagvadorj 2000 , Gomboluudev 2008 . Therefore the timing of plant phenological events and their lengths are important for assessing the effects of seasonal and inter-annual climate change on vegetation in Mongolia.
A number of previous phenological studies utilize field measurements to observe inter-annual variations of phenological events and responses to climate change at the species level (Serbin et al. 2009 , Sacks & Kucharik 2011 , Shen et al. 2011 , van Oort et al. 2011 . A field measurement approach makes it hard to acquire information on regional scale responses to changing climate as it is impractical to conduct meaningful field measurements covering large regions. Remote sensing has the capacity to identify the reaction of vegetation to the coordinated impacts of ecological variables and gives an opportunity to gauge their spatial and temporal variations at regional or even global scales. Radiometric and geometric properties of the MODerate resolution Imaging Spectroradiometer (MODIS), in combination with improved spatial and temporal resolution, enable the monitoring of photosynthesis activity at larger spatial and longer temporal scales (Running et al. 1994 , Justice et al. 1998 . Normalized Difference Vegetation Index (NDVI) (Tucker 1979) has been extensively used to interpret seasonal cycles in the phenological events of vegetation because seasonal changes of NDVI correspond well with vegetation seasonal events (Chen et al. 2001 , Zhou et al. 2001 . However, NDVI is sensitive to atmospheric conditions and the soil background whilst less sensitive to changes in high biomass areas. To overcome these restrictions, Enhanced Vegetation Index (EVI) (Huete et al. 1997 ) was proposed to optimize NDVI by incorporating reflectance values in the Blue, Red and NIR regions of the electromagnetic spectrum.
More recently various methods have been applied to extract information regarding phenological events using VIs. These include NDVI thresholding (Parmesan 2006) , the greatest NDVI increase (Kaduk & Heiman 1996 , Lee et al. 2002 , Piao et al. 2006 , moving averages (Reed et al. 1994) , and empirical equations (Moulin et al. 1997) . Zhang et al. (2003) suggested that a suitable method should be flexible for global-scale applications and able to account for the characteristics of the multiple growth cycles in ecosystems. That is, if a threshold method is applied to determine the Onset of Green-up (OG) and the Onset of Dormancy (OD), the threshold values have to be adjustable in order to account for various vegetative circumstances. Fortunately, a series of long-term values of vegetation indices can be applied to satisfy the need of such threshold method. According to the modified threshold method (Piao et al. 2006) , the OG and OD is diagnosed at the inflection point (a specific date) of the curve of serial vegetation index when it begins to ascend or descend in a year duration. This method was furthermore found to be more sensitive to climate change (Jeong et al. 2011 , Shen et al. 2011 , highly correlated with a ground observed phenology index (Studer et al. 2007 ) and presumably reduced climatic impacts such as aerosols, clouds, disturbances, and defoliation on annual values (Jeong et al. 2011) .
This study focused on the following four transition dates of vegetation phenology: (1) OG, the date when plant photosynthetic activity begins, (2) maturity or peak time, the date when plant reach to maximum, (3) OD, the date when plant photosynthetic activity becomes near zero, (4) Length of Growing Season (LGS), i.e., the period between OG and OD, due to the possibility to infer these from remote sensing imagery (Zhang et al. 2003) . The objectives of this study were to (i) determine the timing of these phenological events using the modified threshold method, (ii) determine temporal patterns of these phenological events and (iii) examine the differences in these phenology events when derived using two VIs for three vegetation types, Forest, Grassland (GL), and Desert steppe (DS), of Mongolia over the 10 year period from 2000-2009.
Material and methods

Study area
Mongolia is one of the largest landlocked countries in the world, covering 1,564 square kilometres in area and extending between the latitudes of 41°35'-52°09'N and longitudes of 87°41' -119°56'E ( Figure 1 ). The average altitude is 1580 m above sea level (Tsegmid 1969) . The climatic characteristics of Mongolia are mainly sunny days, long and cold winters, and dry, cold and windy conditions in the spring (Batjargal 1996) . Generally, the territory of Mongolia consists of six natural zones (alpine, taiga, forest steppe, steppe, desert steppe, and desert) with remarkable differences in terrain and climatic characteristics. Three main vegetation types (forest, grassland and desert steppe) were chosen for this analysis. Annual maximum temperature in the forest region ranges from 12-16 °C, in grassland from 15-19 °C and in desert steppe from 22-26°C. The annual maximum precipitation ranges from 59-62 mm in the forest region, 44-48 mm in grassland and 20-24 mm in the desert steppe. Growing season or summer continues 90-112 days in the forest, 112-125 days in grassland, and 125-130 days in desert steppe (Jigmed 2006) . (1) and (2) respectively, where the R nir is the reflectance of NIR (MODIS band 2), the R red is the reflectance of red (MODIS band 1), and the R blue is the reflectance of blue (MODIS band 3) of the solar spectrum. Based on a suggestion by Tucker [22] , the coefficients in Eq. (2) for G: gain factor, L: background adjustment factor, C 1 and C 2 : the aerosol resistance coefficients are 2.5, 1, 6, and 7.5 respectively. After that, all the individual 8-day images from 2000 to 2009 were then stacked into a single image with 260 bands (26 images for one year multiplied by 10 years equals to 260).
(1)
A land cover map (Fig 1) 
Phenological events extraction and statistical analysis
The modified threshold method developed by Piao et al. (2006) was applied for detecting the OG and OD of the forest, grassland, and desert steppe from 2000 to 2009 using MODIS NDVI and EVI data. The method of diagnosing the OG and OD was a 5-step procedure. First, a set of pixels distributed over the study area were selected by stratified random sampling from the VIs images in order to generate inter-annual dynamics of vegetation types. Those regions of interest (ROI) were selected from the land cover map in accordance with vegetation types; forest, grassland and desert steppe. Second, 10-year averaged seasonal VIs dynamics at 8-day intervals for each vegetation type were calculated based on these pixels in ROIs to determine maximum and minimum rate of changes during the 10 years. The rate of changes (VI ratio ) was calculated using eq. (3), where t is 8-day interval of time.
Third, based on the maximum and minimum values of VI ratio, we determined the threshold value to be used to define OG and OD of each year and the average date to determine OG and OD. The corresponding time (t) to the maximum VI ratio was determined as the average date of OG and corresponding VI (t) was used as the VIs threshold for the OG of each vegetation types. Similarly, the corresponding time (t) to the minimum VI ratio was defined as an average date of OD and corresponding VI (t+1) at the time (t+1) as the threshold of VIs for the OD. Fourth, a smoothing process was performed on the VI values in every year before extraction the date of OG and OD in each year. To represent VI ratio (t) as a function of the day of the year, smoothing was performed with sixth-degree polynomial function (Piao et al. 2006 ) on the time-series VIs curve from April to October (the growing season of vegetation in Mongolia), the corresponding Julian day for the vegetation types for each year. Finally, the OG and OD were defined for each year as the day when a smoothed curve passes the NDVI or EVI threshold. Furthermore, the period within date of OG and OD were used to derive the LGS for each vegetation types from 2000 to 2009. A two-way ANOVA test was applied to examine if the NDVI and EVI-derived phenology events are statistically equivalent to each other. This test was also applied to investigate if the forest, grassland, and desert steppe have similar vegetation events. Relative quantity modelling was performed to explore the agreement between NDVI and EVI derived LGS patterns in the same year. To do this the pattern of LGS of each vegetation types based on the inter-annual dynamic of phenological events was first found and then the years grouped by the same pattern. Validation of the phenological events from ground measurement was complicated because of the differences of spatial resolution (White et al. 2005) , since ground measurements of phenological events are mainly dedicated to a few species while the remotely sensed dataset averages species over the spatial extent of one pixel. Following White et al. (2005) the results of this study were directly compared with the results of previous studies for validation purposes.
Results
Intra-annual variations in VIs
Prior to the analysis, efforts were made to observe differences in annual variations of VIs with relevance to climatic variations. Generally, intra-annual deviation of both NDVI and EVI in vegetation types showed no dramatic differences. The deviations from their long term mean for both NDVI and EVI are in the same directions in any given year with the (Fig. 2) . There were no significant difference between NDVI and EVI deviations at P>0.05 through the analysis of one-way t-test.
The annual mean precipitation from 2000 to 2009 deviated from its long-term mean value at a figure of ±12 mm (bar chart in Fig. 3 ) and the annual mean temperature changed in a deviation of ±1.5 o C from the 10 years longterm temperature mean (line chart in Fig 3) . In general, the Pearson's correlation test showed that NDVI and EVI revealed somewhat of a positive relationship with the annual average of precipitation and temperature. While the Intra-annual deviations of NDVI and EVI from long term (10-year) means: Forest (a), GL (b) and DS (c) Figure 2 significance was not simultaneously observed in each of the vegetation types and also the vegetation indices at the 0.05 probability level (Table 1) .
Specifically, the NDVI over the Forest area was not related to the deviation level of the temperature and precipitation, however the EVI was significantly related to the temperature (r=0.760, p<0.011). In the area of GL, the relationship between both vegetation indices and both meteorological factors were significant. The correlation coefficient of NDVI vs precipitation and temperature is 0.715 (P<0.020) and 0.648 (P<0.043) respectively and that of EVI vs precipitation and temperature is 0.788 (P<0.007) and 0.866 (P<0.001) respectively. Additionally, the NDVI and EVI over the DS area had correlation coefficients with the precipitation of r=0.639 (P<0.049) and r=0.617 (P<0.058).
According to the descriptive statistics, June for Forest, July for GL and DS have the highest variability as shown in Figs. 4a and 4b; followed by October, June (Fig. 4a) or Aug (Fig.  4b) , and Aug for forest, GL and DS, respectively. Both NDVI and EVI values gradually increased until reaching their maximum and then decreased as Julian day increases, forest and grassland areas have especially rapid changes throughout a year. In contrast to the NDVI-derived results, the EVI provide relatively stable estimates of the phenological events. OG of the grassland and the desert steppe has been determined at the 131 and 149 Julian day, around 38 and 21 days earlier than those derived from NDVI. Forest and grassland have the same timing of OG around early May (Julian day 131.4±5.4). With regard to OD, EVI-derived OD of the grassland and the desert steppe were very close to the NDVI-derived OD for the same vegetation types as seen by mean Julian day and standard deviation (Fig 5) . But the EVI-derived OD of the forest occurred on average 15 days later than the NDVI-derived date. In general, there were no differences between NDVI and EVI-derived OG of forest, OD of GL and DS. Both VIs revealed that LGS of each vegetation type was highly different in timing due to the high variations of OG. As shown in Fig 5, NDVI indicated that LGS lasted for about 4 months (Julian day 130.4±6.6) in forest, and for around 3 months in GL (101.6±20.0) and in DS (95.2±23.4). Generally, this suggests that desert steppe was the most variable in timing with a standard deviation (SD) of 24 days. In contrast to the desert steppe, the forest had the most consistent results with a SD of 7 days. This phenomenon is also suggested by EVI, in which forest, grassland, and desert steppe is shown as having experienced LGS for about 5 months (148.0±5.7), 4.5 months (139.2±11.4) and 4 months (121.6±25.2), respectively. Figure 6 depicts some temporal features of the vegetation phenology. Both NDVI and EVI agreed that little annual variations in timing of phenological events were associated with forest. The largest deviation from the 10-year averages OG (Fig 6-1) , OD (Fig 6-2) and LGS (Fig 6-3) was less than 15 days. NDVI-derived OG and LGS of grassland and desert steppe fluctuated considerably during the study period. Two most noticeable values can be found at the years, 2003 and 2007 (Figs 6-1a and 6-3a) . Variations in OD for all vegetation types are mostly less than 10 days and are in general smaller than OG and LGS (Fig 6-2a) . EVI-derived OD of grassland and desert steppe be- haved similar to each other with an exception in 2004 where the deviation of grassland and desert steppe was negative and positive with a value less than 10 days (Fig 6-2b) . In contrast, the EVI-derived OG and LGS of DS changed dramatically in comparison to OD. The most negatively observed values of OG was in 2002 and 2003, while the most positively observed value was in 2007 (Fig 6-1b) . In contrast, the most significant LGS of DS appeared positively in 2003 and 2004 and negatively in 2006, 2007, and 2009 (Fig 6-3b) . Table 3 shows the Pearson's correlation coefficients between the deviations of the timing of phenological events (OG, OD, and LGS) and the deviations of the climatic variables (precipitation and temperature). The deviation was calculated based on the long term (10 year) mean of each corresponding variable. As shown in Table 3 , the NDVI-derived OG, OD, and LGS of the grassland was positively related to the precipitation whose correlation coefficient was 0.707 (P<0.05), 0.692 (P<0.05), and 0.807 (P<0.01) respectively. This indicates that the variation of precipitation regulates the variations of OG, OD, and LGS. However, this significance was not observed in the forest and the desert steppe. ND-VI-derived LGS of DS was positively related to precipitation (r=0.793, P<0.01) and none of Figure 6 Annual deviations of phenological events: OG (1), OD (2) and LGS (3) deviations from 10-year mean derived from NDVI (a) and EVI (b).
the forest phenological events was significantly related to the precipitation. In contrast, the correlation between EVI-derived OG, OD, and
LGS of the grassland and the precipitation was insignificant. However, EVI-derived OG of the forest is positively related to the temperature (r=0.666, P<0.05) while that of the desert steppe is negatively related to the temperature (r=-0.667, P<0.05). The EVI-derived LGS of the forest and the temperature was also positively related (r=0.764, P<0.01).
The agreement between the NDVI-and EVI-derived phenological events of the vegetation types
Based on the results of ANOVA (Fig 5) , the NDVI-derived forest OG, grassland OD, and desert steppe OD are not different from the timing of the corresponding event derived by EVI. In contrast, the NDVI-derived forest OD, grassland OG, and desert steppe OG are significantly different from the EVI-derived events at the 0.05 probability level. Due to one of the dates of OG and OD in each vegetation type being significantly altered; the LGS of vegetation types was, therefore, different between the NDVI and EVI. The value of LGS among the vegetation types differed significantly at 0.05 probability level for both cases of NDVI and EVI. Based on NDVI, LGS of forest is significantly greater than that of grassland and desert steppe, but the LGS difference between grassland and desert steppe is not significant; also based on EVI, the relative relationship of LGS among the vegetation types is forest > grass- Pearson's correlation coefficients between the deviations of phenological events and the deviations of climatic variables (precipitation and temperature).
Note. Abbreviation: * and ** represent a coefficient is significant at the 0.05 and 0.01 level respectively (2-tailed).
Table 3
Representatives land > desert steppe. In this paper, a relative quantity model is defined as a pattern of the relative quantity of LGS in forest, grassland, and desert steppe. As shown in Table 4 , model a is a decreasing linear pattern which indicates a situation where the relative quantity of LGS is forest > grassland > desert steppe, and model b is an increasing linear pattern, an inverse relative quantity pattern of model a, i.e., forest < grassland < desert steppe. Model c, a v-shape pattern, stands for forest > grassland < desert steppe. 
Discussion
The gradient of phenological events derived from both VIs roughly corresponded to the temperature and precipitation gradient of Mongolia; mean annual precipitation decreases as annual temperature increases from a north to south direction. With the spatial pattern of precipitation/temperature in mind, we characterized the seasonal changes of the forest, grassland and desert steppe and examined the consistency of the result of this study in comparison to other studies. NDVI indicated that the mean date of OG was generally earliest and stable in the forest, and progressively later and variable in grassland and in desert steppe (Fig 5) whereas EVI showed the mean date of OG in grassland occurs early and at the same date of OG in forest. The earlier OG in forest is closely consistent with the findings demonstrated by for high latitudes (>45°N). Several studies revealed that the timing of OG in grassland is controlled by precipitation rather than temperature (Zhou et al. 2002 , Yu et al. 2003 & 2004 Relative quantity model of LGS for the forest, grassland and desert steppe ecosystems Table 4 Note. Abbreviation: *: The green, blue, and red circles in "relative quantity model" column stand for forest, grassland, and desert steppe respectively; and the level of the circle indicates the relative quantity among the vegetation types. , Lin & Dugarsuren 2015 . Conversely, in the forest, temperature plays a main role in the timing of OG , Chu & Guo 2012 . Shinoda et al. (2007) observed the distinctive soil moisture pattern of Mongolia and investigated how the pattern of soil moisture controlled the timing of OG of a specific plant (stippa spp.), dominant in grassland (steppe). This research divided seasonal change of soil moisture into 3 phases: phase-1 spring drying (Apr to late May), phase-2 summer recharging (late May to late July) and phase-3 autumn drying (Aug to Oct) based on the long-term soil moisture data. Soil moisture tends to exhibit slight increase during early April due to snowmelt and then a decrease until the onset of the rainy season (beginning of phase-2) as evapotranspiration exceeds precipitation. During phase-2, soil moisture continues to increase and reach a peak between late July and Aug when precipitation exceeds evapotranspiration. Phase-3 occurs when precipitation is less than evapotranspiration from late Aug to mid-October. After mid-October, soil moisture was assumed to be constant when the daily air temperature was <0°C. This pattern of the soil moisture model generally corresponds with the pattern of precipitation in Mongolia (Xue 1996 , Nandintsetseg & Shinoda 2011 . So, the seasonal variation of the precipitation cycle suggested that the plant emergency may occur around the transition period from Phase I to Phase II, which was identified as late May to early June, if precipitation recharging lately or anomalously.
In our study, EVI revealed the mean date of OG in grassland was the Julian day of 131 (mid-May) (Fig 5) corresponding to the pattern obtained from the soil moisture model. The responses of vegetation types with different morphology to the pattern of soil moisture are different because of different root systems. Shallow-rooting vegetation types such as grassland and desert steppe lose their surrounding soil moisture easily resulting in unstable photosynthetic activity whereas trees can sustain stable and longer photosynthetic activity than grasses because of deep-root systems which have a capacity to tap deeper soil moisture (Ma et al., 2007) . The largest mean of the OD was found in grassland and desert steppe followed by forest, indicating that forest stops growing earlier than grassland and desert steppe due to the high elevation and latitudinal gradient of temperature and precipitation. Although there were small variations in the timing of OD, this is directly connected with descending temperature throughout Mongolia. Temperature decreases dramatically in early October when monthly mean air temperature becomes less than 0°C, making it impossible for plants to grow in the resulting stressful condition.
The result obtained during the 10 years of observation showed that the latest occurrence of OD could be observed no later than October (in early October). Peaks of NDVI and EVI values, indicative of high photosynthetic and biomass accumulation, were found in late July to late August, which can be explained by being the period with the highest precipitation in Mongolia. Moreover, the occurrence of peak values was consistent with the peak of soil moisture during phase-2 (Nandintsetseg & Shinoda 2011) . Around 85 percent of the precipitation falls in the warm period of the year between April and September, of which 50-60 percent is received in July-August (Natsagdorj et al. 2005) . Therefore, precipitation and summer drought in combination with temperature (which will increase evapotranspiration and further reduce soil moisture) will presumably result in a shift of the phenological activities of forest, grassland and desert steppe in Mongolia, with earlier onset of winter-spring growth being offset to some degree by an earlier, and longer lasting, summer drought period. Severe drought frequency in spring and early summer leads to low productivity of vegetation and delayed OG. According to the findings of Bayasgalan & Dash (2002) , drought scale and frequency has increased in Mongolia.
Drought covering 25% of the total territory is occurring once in every 2-3 years, and more severe drought that encompasses over 50% of the total territory happens every 4-5 years. Inter-annual dynamics of NDVI and EVI showed that the shortest growing season in conjunction with late timing of OG, over the 10-year study period occurred in 2005 to 2007 at grassland and desert steppe. Based on the findings of Bayasgalan & Dash (2002) and Batima (2003) this could be explained by drought frequency within those years.
As shown in Fig 5, both VIs demonstrated similar seasonal events that represented the basic phenological specification of each vegetation type. A notable difference was found between the NDVI and EVI time series, the latter having the tendency to indicate a longer growing season. This result correspond well to EVI's design, which it was proposed had more sensitivity to changes in high biomass areas as compared to the NDVI . NDVI, however, found greater values than those of EVI (Fig 4) , consistent with the findings of Tucker (1979) . Plants produce biomass by photosynthesis via the chlorophyll absorption of the energy in blue and red spectral region (Huete et al. 2002) . High concentration of leaf chlorophylls leads to lower reflectance of the blue and red radiation . Integration of blue and red reflectance can, therefore, help to improve the performance of leaf chlorophyll estimation, in particular, to derive effective chlorophyll indicators for accurate chlorophyll estimation . Based on this advantage of EVI over NDVI it would be expected that EVI should be more appropriate for vegetation phenology extraction. However, with regard to the responses of different vegetation types to the specific pattern of climatic factors and the consistency of NDVI derived timing of phenological events of each vegetation type with the results of previous studies (Yu et al. 2003 (Yu et al. , 2004 Jigmed 2006 , Shinoda et al. 2007 , Nandintsetseg et al. 2011 , the performance of NDVI and EVI in the determination of the phenological activity should be studied continuously in particular with the aid of monthly and daily-based climate data.
Conclusions
This study investigated the timing of phenological events, temporal patterns of phenological events, and the differences of NDVI-and EVI-derived phenological events of the major vegetation types: forest, grassland and desert steppe of Mongolia over the 10 year period from 2000-2009. The timing of phenological events showed large variations. The mean date of OG was generally different in each vegetation types; earliest and most stable in forest, and progressively later and variable both in grassland and in desert steppe while the timing of OD showed no significant difference between vegetation types. Vegetation types which experienced high positive and negative variations might be especially vulnerable to global change and are likely to be strongly affected by meteorological changes. However, phenological events extracted from NDVI and EVI are not in complete agreement with each other. NDVI indicated the growing season of the forest, grassland, and desert steppe ecosystems started from early May, middle June, and middle June respectively, and then lasted for around 130.4±6.6, 101.6±20.0, and 95.2±23.4 days respectively. In contrast, the EVI-determined growing season of the forest, grassland, and desert steppe started from early May, early May, and middle May and then continued 148±5.7, 139±11.4, and 121.6±25.2 respectively. The phenology of forest is more sensitive to temperature. The phenology of the grassland and the desert steppe however is sensitive to both precipitation and temperature.
The results presented in this study have demonstrated the potential of seasonal dynamics of multi-temporal VIs for use in the discrimination of vegetation phenology. Future studies should utilize ground measurement data to explore which vegetation index is the best for representing phenological events and also their relationships with not only climatic variables and the effects of lag time of climatic variables on the timing of phenological events but also with other variables such as soil moisture and carbon content and topography.
